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Weyl semimetals (WSMs) are characterized by topologically stable pairs of nodal points in the
band structure, that typically originate from splitting a degenerate Dirac point by breaking symme-
tries such as time reversal or inversion symmetry. Within the independent electron approximation,
the transition between an insulating state and a WSM requires the local creation or annihilation of
one or several pairs of Weyl nodes in reciprocal space. Here, we show that strong electron-electron
interactions may qualitatively change this scenario. In particular, we reveal that the transition to
a Weyl semi-metallic phase can become discontinuous, and, quite remarkably, pairs of Weyl nodes
with a finite distance in momentum space suddenly appear or disappear in the spectral function.
We associate this behavior to the buildup of strong many-body correlations in the topologically
non-trivial regions, manifesting in dynamical fluctuations in the orbital channel. We also highlight
the impact of electronic correlations on the Fermi arcs.
The classification of topological states of matter has
revolutionised our understanding of insulating [1] and
nodal materials [2–4], leading to a novel conceptual
framework for band-structure theory. Regarding insu-
lating systems, topological insulators (TIs) [5–9] repre-
sent a paradigmatic example of topological states, which
are protected by symmetries such as time reversal sym-
metry (TRS), and are distinguished from conventional
band insulators by topological band structure invariants.
Within the independent-electron approximation, phase
transitions between topologically distinct insulators oc-
cur via semi-metallic Dirac points.
In three spatial dimensions (3D), such critical Dirac
points may be promoted to extended Weyl semimetal
(WSM) phases [10–12] upon breaking TRS or inversion
symmetry, since isolated nodal points in the band struc-
ture are topologically stable in 3D. Concretely, a sym-
metry breaking perturbation splits conventional spin-
degenerate Dirac cones into pairs of non-degenerate Weyl
fermions with opposite chirality (see Fig. 1a for an illus-
tration). At least within the independent electron ap-
proximation such Weyl nodes can only be locally anni-
hilated by continuously bringing them together in recip-
rocal space with their chiral antidotes [10], and the ro-
bustness of WSMs against interactions as well as various
intriguing correlation effects have recently been reported
[13–22]. WSMs exhibit fascinating transport phenomena,
related to the chiral anomaly and relativistic electronic
dispersion at low energy, and have recently become a ma-
jor focus of theoretical and experimental research, in a
variety of materials ranging from pyrochlore iridates and
tantalum monopnictides to synthetic materials such as
optical lattices with laser-assisted tunneling [23–36].
In this work, we report on the discovery of drastic
changes to the phenomenology of WSMs in the pres-
ence of strong electronic correlations (see Fig. 1b for a
visualisation). We show this by solving a multi-orbital
3D Hubbard model with a TRS breaking term in the
framework of dynamical mean-field theory (DMFT) [37].
Quite remarkably, we find that interactions may lead to
the discontinuous annihilation of Weyl nodes in momen-
tum space at a first-order WSM-to-insulator transition.
In this scenario, pairs of Weyl points suddenly disap-
pear notwithstanding their finite separation in momen-
tum space, leaving behind a gapped state. This genuine
many-body effect may have a deep impact on the predic-
tion and possible detection of WSMs in correlated ma-
terials. Conversely, when approaching the transition to
a WSM from the trivial band insulator (BI) phase, the
nodal phase is entered discontinuously in the strongly in-
teracting regime, without the continuous bifurcation of
a degenerate Dirac cone into two distinct Weyl nodes.
Furthermore, we unveil the presence of a quantum tri-
critical point (QTP), associated to an instability in the
orbital channel. Beyond this point the WSM region is
dramatically reduced and eventually suppressed in favor
of a discontinuous transition between two insulators.
We consider a 3D simple cubic lattice model of spin-
ful electrons with two orbitals per site and unit lattice
constant, describing a 3D TI exposed to a TRS-breaking
perturbation. The Hamiltonian H may be written as
the sum of a single-particle term diagonal in momen-
tum space and a two-body interaction local in real space
H =
∑
k Ψ
†
kHkΨk +
∑
iH
int
i , where we introduced the
four-component spinor Ψ(k) = (ck1↑ , ck2↑ , ck1↓ , ck2↓),
with the operator ckασ, α = 1, 2, σ =↑, ↓ annihilating an
electron with momentum k and spin σ in orbital α. The
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Figure 1. (Color online) (a): Band-structure of (1) in the WSM phase on ky =0 plane including the Γ point (orbital character
in color). The circular insets show the Berry flux near the two Weyl points. (b), (c), (d): Position of Weyl nodes along kz
(for kx = ky = 0 ) as a function of M−M0 for increasing values of U and bz = 0.1. M0 is determined by the condition
M+Tr[σ0τzΣ(0)]/4 = 3, where Σ(0) is the self-energy function at zero frequency. This condition, which in the case bz = 0 [38]
determines the topological transition point, is used here to center and compare data at different interactions strengths. The
background colors in the panels reflect the behavior of the correlation strength Ξ. For small U (≈ 2.0) the Weyl points form
or annihilate continuously (b) at Γ. At larger U (c) they (dis)appear discontinuously at the boundary with an insulating state,
while the width of the WSM phase reduces. Eventually (d), for large U (> 5.7) the WSM region disappears and the system
undergoes a direct first order transition between strong TI and BI.
non-interacting term is
Hk = M(k)σ0τz + bzσzτz+
λ(sin(kx)σzτx − sin(ky)σ0τy + sin(kz)σxτx),
(1)
where σi and τj with i, j = x, y, z denote Pauli ma-
trices in spin and orbital space, respectively, and σiτj
are Kronecker products. The dispersion is M(k) =
M − (cos kx + cos ky + cos kz) and bz is the strength of
the TRS breaking term. In the following we will consider
 as our unit of energy and fix λ to 0.5.
In the non-interacting regime and for bz = 0 the model
describes a weak TI (WTI) and a strong TI (STI) for
M < 1 and 1 < M < 3, respectively, and a trivial BI
for M > 3. The topological transitions between these
phases occur via the continuous closure of the energy
gap and the concomitant formation of a degenerate Dirac
cone [38, 39]. A finite value of bz breaks the TRS and
lifts the spin degeneracy, though without giving rise to
a net magnetization. The Dirac cone at the transition
point splits into two Weyl cones separated in momentum
space along kz. Each Weyl node acts as the magnetic
(anti)monopole for the Berry phase and is characterized
by a Chern invariant measuring its chirality [1, 40, 41].
The absence of a protecting TRS makes the topological
character of the WSM in some sense more robust than the
usual symmetry-protected TIs. In the absence of inter-
action the destruction (formation) of the Weyl cones can
only occur through their continuous annihilation (sepa-
ration) at a specific high-symmetry point.
The topological quantum phase transition points are
thus replaced by two distinct WSM phases in two win-
dows ∆M = 2bz centred around M = 1 and M = 3. The
one separating the WTI from the STI features three dis-
tinct couples of Weyl points, located near the X, X′ and
the Γ points and separated along the kz direction in the
reciprocal lattice space. The second WSM state, separat-
ing the STI from the BI, features only one pair of Weyl
nodes, located along kz around Γ, see Fig. 1a.
In the Wannier basis, the Coulomb interaction is de-
scribed by a set of parameters as the on-site intra-orbital
and inter-orbital terms (U and U ′) and the Hund term J .
The couplings are related by U ′ = U − 2J for electrons
with opposite spin in the two orbitals and U ′′ = U − 3J
for electrons with the same spin. The interaction term
reads:
Hint =U
∑
il
nil↑nil↓+
(U − 2J)
∑
il 6=l′
nil↑nil′↓+
(U − 3J)
∑
il 6=l′
(nil↑nil′↑ + nil↓nil′↓)
(2)
We found that the features of the topological phase
transitions are robust across a wide range of variations
of the interaction parameters. Therefore, to keep the dis-
cussion well defined, in the rest of this work we will focus
on the case J = 0, U
′
= U case. In the supplemental ma-
terial [42] we present additional results with the effects
of the Hund’s coupling J and of the U
′
/U ratio on the
topological phase transition.
The interacting model is solved non-perturbatively by
means of DMFT [37–39], i.e. by mapping the lattice
3problem onto a single-site quantum impurity coupled to
an effective bath which is self-consistently determined.
Within the DMFT approach, the effects of interaction
are contained in the local self-energy function Σ, which
in our case is a 4×4 matrix in the spin and orbital space
retaining the local symmetries of the problem. We obtain
zero-temperature results using a Lanczos-based exact di-
agonalization method [37, 43, 44] discretising the bath
with Nb = 9 levels. The main result of this work, namely
the non-local annihilation of the Weyl points in presence
of electronic interaction, is robust against a change of
Nb as well as for finite temperatures up to a scale of the
order of one tenth of the energy unit. We checked the sta-
bility of our findings comparing with a continuous-time
quantum Monte Carlo solver [45].
The two aforementioned WSM phases are found to be
influenced by the local Coulomb repulsion in a qualita-
tively distinct way. The one occurring between the weak-
and strong TI undergoes a rather predictable and basi-
cally adiabatic evolution as a function of U . By con-
trast, the WSM separating the STI and the BI drasti-
cally changes its nature as the electron-electron interac-
tion exceeds a certain value. This main result of our
work is illustrated in Fig. 1b, c and d. The position of
the Weyl points in kz as a function of M is shown by the
red and blue lines. In summary, for small U (Fig. 1b) the
two nodes form a closed path, bridging the STI with the
BI region across the vertical dotted line at which, in ab-
sence of bz, the topological phase transition occurs. This
continuous behavior of the Weyl nodes is adiabatically
connected with the non-interacting case.
Surprisingly, for intermediate values of the interaction
strength (Fig. 1c) a discontinuous evolution is observed.
The Weyl nodes appear all of a sudden already separated
in k-space at a critical value of the mass term M . Upon
further increasing M , the position of the cones evolves
continuously, but they soon non-locally disappear in fa-
vor of the band insulator, without meeting in momentum
space. Correspondingly, the red and blue lines are no
longer connected, a situation that is fundamentally for-
bidden within the independent electron approximation.
This intriguing phenomenon can be further charac-
terized by inspecting the correlation strength Ξ, which
we measure in terms of the deviation from Hartree-
Fock theory of our semi-metallic solutions [38, 39, 46].
Since within DMFT we take into account contribu-
tions to the (local) self-energy to all orders, our so-
lution displays self-energy corrections that are much
richer than Hartree-Fock theory. In particular, the
self-energy Σ is found to exhibit a pronounced fre-
quency structure at intermediate-to-large U , thus qual-
itatively deviating from the static mean field solution
[47, 48]. This is a consequence of the pronounced
many-body fluctuations of the STI and of the corre-
lated Weyl phases, originating from their orbitally en-
tangled nature. We can quantify this by computing
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Figure 2. (Color online) Meff behaviour as a function of the
bare mass for different values of interaction: (a) U=3.0, (b)
U=5.5, (c) U=5.9. M0 is defined as in Fig. 1. The shaded
regions correspond to the WSM, that of the noninteracting
system being the full width of the panels. The dotted lines
represent (where significant) the expected width of the WSM
region, spanning the interval Meff = [3 − beffz , 3 + beffz ]. The
blue lines represent the orbital compressibility κ. The inset to
panel (b) shows the behavior of Meff for U=5.5 as a function
of temperature.
the difference between the low-frequency limit, which
describes the quasiparticles, and the high-energy limit
Ξ = Tr
[
σ0τzΣ(0)− σ0τzΣHF
]
/Tr [σ0τzΣ(0)], where Σ
HF
is the limit of Σ at high frequency: here the ω-dependence
is hardly visible and Σ can be seen as that of a static
Hartree-Fock-like mean field [38, 39]. The behavior of
Ξ is represented by the background color. In Fig. 1b
the evolution of Ξ as a function of M is smooth every-
where and, similar to the non-interacting case, the Weyl
nodes continuously meet in k-space at each insulator-to-
semimetal transition. In Fig. 1c, the correlation strength
changes discontinuously at specific values of M at both
sides of the dashed line, signalling the abrupt occurrence
of the WSM phase from both directions. Since electron-
electron interaction suppresses charge fluctuations asso-
ciated with the formation of Weyl nodes, the WSM region
generally shrinks as U increases.
For even larger interaction strength (Fig. 1d), the sys-
tem undergoes a discontinuous transition directly from
the strong TI to the trivial BI without the semimetal
in between. In this regime, the character of the WSM
would be so strongly modified by many-body effects that
the most natural evolution for the system is to link the
two distinct insulating phases without any intermediate
semimetal. This is evident from the sudden change of
color at the critical value of M , which takes place with
hardly any shading, as the semi-metallic region is com-
pletely suppressed. To summarize, in the non-trivial re-
gions the groundstate develops a robust many-body char-
4acter, encoded in a large (negative) value of Ξ, which can-
not be continuously reconciled with the far less correlated
nature of the solution in the trivial BI phase. This effect
manifests in the discontinuous change of the (frequency
dependent) self-energy. This behavior is reminiscent of
the strongly correlated transition found in the presence of
TRS and inversion symmetry, where a Dirac semimetal
line (rather than a WSM region) cannot be continued to
large values of U [38, 39].
There is a more intuitive way of interpreting our re-
sults. Concerning the topological nature of the system,
the solution of the interacting problem can be recast
into a quadratic effective Hamiltonian containing all the
terms of Eq. 1. This way the effect of the electron-
electron interaction is accounted for by renormalized pa-
rameters whose evolution can be compared to the non-
interacting case. The two relevant indicators are the ef-
fective mass M eff = M + Tr[σ0τzΣ(0)]/4 and the effec-
tive TRS-breaking field beffz = bz + Tr[σzτzΣ(0)]/4. M
eff
controls the renormalized energy separation between the
orbitals, while beffz corresponds to the effective lifting of
the spin degeneracy. The behavior of these two quanti-
ties is displayed in Fig. 2 as a function of the bare mass
term M−M0, where M0 is the critical value of M for
which M eff = 3, i.e. the condition to have a topological
phase-transition for bz = 0 [38]. In addition, we show
the behavior of the orbital compressibility κ = ∂T zi /∂M ,
where T zi =
∑
σ ni1σ − ni2σ is the local orbital polar-
ization. In analogy with the non-interacting model, the
WSM region is characterized by |M eff − 3| ≤ beffz and is
marked in yellow.
In the weak coupling regime (Fig. 2a) the effective mass
evolves continuously across the boundary of the WSM
phase. The orbital compressibility smoothly decreases
upon approaching the BI region. On the contrary, Fig. 2b
the behavior of the effective parameters becomes dis-
continuous. In particular, the evolution of the effective
mass term M eff exhibits pronounced discontinuities at
the crossing of the beffz lines delimiting the semi-metallic
phase. The many-body nature of the strongly correlated
solutions is demonstrated by the behavior of κ, display-
ing large peaks at the transition points. Interestingly,
the WSM region extends asymmetrically around M0. In-
deed, the effect of the interaction is more pronounced in
the strong TI phase, because of the more fluctuating or-
bital polarization Tz, as compared to the close to fully
orbitally polarized BI. In Fig. 2c, we report the evolu-
tion of the effective parameters for a larger interaction
strength U . In this regime, the Weyl region is entirely
absent. M eff has a large discontinuity just around the
critical value M0, unveiling the direct first-order transi-
tion between the STI and the BI phases. This transition
is characterized by a large peak of the orbital compress-
ibility at the transition point. In the inset to Fig. 2b we
show how the jumps in M eff evolve as a function of the
temperature T . The temperature at which they disap-
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Figure 3. (Color online) Phase diagram of the model for
bz = 0.1. The regions (yellow) between the dotted lines are
WSM. The inset shows the closing of the upper WSM re-
gion. Numerical results are represented by black symbols. At
U = 0, the widths of the semimetal regions are 2bz, centred
around Meff = 1, 3. The first semimetal region remains open
when increasing the interaction, and the transition from WTI
to WSM to STI is always continuous. A second critical point
signals the value of U for which the upper WSM region closes.
pear for U = 5.5 is of the order of 1/20 of our hopping
energy.
An overview of our findings is provided in Fig. 3, where
we show the complete phase diagram of the model in the
U -M plane. The different phases of the model are sepa-
rated by the two WSM regions. The boundary lines have
an overall decreasing behavior as a function of U , which
results from the tendency of the interaction to favour the
orbitally polarized states, i.e. the trivial BI with two
electrons occupying the lowest orbital [42]. As antici-
pated above, the two WSM phases undergo a dramat-
ically different evolution in the presence of interaction.
The WSM region between WTI and STI is only slightly
affected by the electron-electron repulsion. This region
displays a minor reduction of its width and the transition
lines keep their continuous character. On the other hand,
the WSM region separating the STI and the BI keeps its
continuous character only up to a critical value of the
interaction Uc = 4.5. Beyond this value the topological
transition lines acquire a first-order character. The width
of this WSM phase gradually decreases upon increasing
the interaction as a consequence of the renormalization
of the effective term beffz . In the inset of Fig. 3 we show
the evolution of the Weyl phase boundary lines up to the
closure of the corresponding interval for U = 5.75.
Finally we investigate the fate of the boundary modes
in the presence of correlations. A distinctive property
of WSM are Fermi arcs connecting the projection of the
two bulk Weyl nodes onto the surface Brillouin zone. In a
5-0.2
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Figure 4. (Color online) Electronic structure of a slab geom-
etry near the Γ point at U = 5.6. The two panels report the
behavior for two different values of the mass term M across
the WSM to BI transition (see inset of Fig. 3). (a) M = 0.665,
the points (red and blue) indicate the Weyl nodes with op-
posite chirality. The band segment connecting them is the
Fermi arc. (b) M = 0.670, the system is a band insulator.
single-particle scheme, approaching the topological tran-
sition is associated to the progressive shortening of the
Fermi arcs until the two ends coalesce in an insulator. It
is natural to expect that the scenario we unveiled influ-
ences this picture.
To address the correlated boundary states, in Fig. 4 we
show the spectrum of the model Eq. (1) in a slab geome-
try with open boundary conditions along y. Our results
illustrate the sudden (dis)appearance of the Fermi arcs
across the transition for a large value of the interaction
U , reflecting the first-order character of the transition
observed in the bulk system (see Fig. 3).
In conclusion, we revealed that in presence of a large
electron-electron interaction the transition to and from
a WSM can become of first order. In this scenario, the
strongly correlated Weyl nodes can appear or annihilate
discontinuously in a non-local fashion in reciprocal space
at the transition point. The change in the nature of the
transition is inherently linked to a many-body nature of
the correlated Weyl semimetal whose distinctive property
is an enhancement of the orbital compressibility. We de-
scribed this behavior by the evolution of effective model
parameters. Finally, we showed that in the strongly in-
teracting regime the WSM region can progressively close
in favor of a direct transition between two gapped phases.
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